There remains considerable debate regarding the effects of maternal smoking during pregnancy on children's growth and development. Evidence that exposure to maternal smoking during pregnancy is associated with numerous adverse outcomes is contradicted by research suggesting that these associations are spurious. The authors investigated the relation between maternal smoking during pregnancy and 14 developmental outcomes of children from birth through age 7 years, using data from the Collaborative Perinatal Project (1959)(1960)(1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)(1969)(1970)(1971)(1972)(1973)(1974); n ¼ 52,919). In addition to adjusting for potential confounders measured contemporaneously with maternal smoking, the authors fitted conditional fixed-effects models among siblings that controlled for unmeasured confounders. Results from the conditional analyses indicated a birth weight difference of À85.63 g associated with smoking of !20 cigarettes daily during pregnancy (95% confidence interval: À131.91, À39.34) and 2.73 times' higher odds of being overweight at age 7 years (95% confidence interval: 1.30, 5.71). However, the associations between maternal smoking and 12 other outcomes studied (including Apgar score, intelligence, academic achievement, conduct problems, and asthma) were entirely eliminated after adjustment for measured and unmeasured confounders. The authors conclude that the hypothesized effects of maternal smoking during pregnancy on these outcomes either are not present or are not distinguishable from a broader range of familial factors associated with maternal smoking.
In terms of public health policies and the public health imperative of tobacco control, the adverse consequences of cigarette smoking have been well-established. However, there remains considerable debate regarding the impact of maternal smoking during pregnancy on the physical and cognitive development of children. Establishing the presence of such effects could yield significant insights into the etiology of adverse child outcomes ranging from birth complications (1) to behavioral problems (2) , psychological disturbances (3), asthma (4), overweight (5), and cognitive delays (6) . Numerous studies documenting deficits in a wide range of developmental milestones among children whose mothers smoked during pregnancy are counterbalanced by other studies in which the effects of maternal smoking during pregnancy were eliminated after adjustment for maternal and familial factors (7) (8) (9) (10) (11) .
While experimental studies conducted in animals (12) support the view that in-utero exposure to nicotine adversely affects birth outcomes and subsequent development, human studies have necessarily relied on observational designs, most commonly involving comparisons of exposed and unexposed infants followed through childhood. Because maternal smoking occurs along with a broader constellation of social and behavioral factors that also influence child growth and development (13) , determining the causal effects of maternal smoking has become an almost intractable problem. Potentially confounding factors include maternal socioeconomic status, marital status, personality attributes, psychiatric history, nutrition, health conditions, substance use during pregnancy, exposure to secondhand smoke during pregnancy, and an adverse home environment (10, (14) (15) (16) (17) . While some investigators have measured many of these factors, determining whether or not there is a causal effect of maternal smoking during pregnancy may require accounting for all of them.
In the current study, we used a quasi-experimental design to control for this problem of unmeasured confounding factors. We conducted an analysis of maternal smoking during pregnancy in relation to child developmental outcomes in the context of a prospective birth cohort study in which multiple offspring per family were enrolled. The power of this design comes from sibships in which there was variability in exposure to maternal smoking during pregnancy. Differences in the developmental outcomes between exposed and unexposed siblings cannot be attributed to shared aspects of the familial milieu, ranging from inherited genetic susceptibility and family history of psychopathology to environmental factors. This design can be understood as a comparison of exposed and unexposed siblings matched on family background (18) , in which estimates of risk are conditioned on family-specific intercepts (for example, using conditional logistic regression). While this design cannot definitely prove a causal effect of maternal smoking during pregnancy (because of additional residual confounding due to factors not shared by siblings), the absence of significant associations from this analysis would cast serious doubt on a causal effect.
MATERIALS AND METHODS

Sample
The Collaborative Perinatal Project (CPP), a birth cohort study established in 1959, involved the systematic observation and examination of over 50,000 children through the first 7 years of life. The original aims of the CPP were to investigate prenatal and obstetric antecedents of childhood health and development (19, 20) . The current study included liveborn offspring from singleton pregnancies.
Data from examinations and interviews were recorded by trained staff beginning at the time of registration for prenatal care. At the time of the first prenatal care visit, a complete reproductive, gynecologic, and medical history, a socioeconomic interview, and a family health history were obtained. Follow-up rates for survivors in the full CPP sample were 88 percent at 1 year, 75 percent at 4 years, and 79 percent at 7 years. The 4-and 7-year assessments included neurologic, psychological, and physical examinations of the child.
Trained psychologists administered a 2-hour battery of cognitive, sensory, and motor tests, including ratings of child behaviors.
Measures
Maternal smoking during pregnancy. At the first prenatal care visit, women reported whether they were currently smoking and, if so, the number of cigarettes they smoked per day. These questions were repeated at each subsequent prenatal care visit until the time of delivery. From these repeated measurements, we determined the maximum number of cigarettes smoked per day at any point during pregnancy. We categorized maternal smoking in four categories to evaluate a potential dose-response relation with child outcomes: 0, 1-9, 10-19, or !20 cigarettes per day. In supplemental analyses, we defined maternal smoking both as a dichotomous variable (any vs. none) and as a continuous variable (number of cigarettes smoked per day). Klebanoff et al. (21) reported a high degree of correspondence between these maternal reports of smoking during pregnancy and serum cotinine levels.
Infant and child outcomes through age 7 years. Infant status at birth was assessed with birth weight (measured in grams) and 5-minute Apgar score as a measure of the physical condition of the newborn (22) .
A primary concern among children exposed to maternal smoking during pregnancy has been deficits in cognition; therefore, we incorporated several measures of cognitive development. Cognitive performance at age 4 years was assessed with the Stanford-Binet Intelligence Scale (23) . An abbreviated version of the Wechsler Intelligence Scale for Children was administered by study psychologists at age 7 years (24). The Wechsler Intelligence Scale for Children yields a total score for intelligence derived from the scaled combination of two sets of subtests, verbal and performance. These produced estimates of verbal intelligence quotient (IQ), performance IQ, and full-scale IQ. Academic performance at age 7 years was assessed using the Wide Range Achievement Test (WRAT) (25) , which generates standardized scores for reading, spelling, and arithmetic. The presence of neurologic ''soft signs'' at age 7 years was assessed by physician examination as an indicator of a broad class of neurologic abnormalities that are not readily localizable to a specific brain region (26) .
Behavioral observations were made by the examining psychologist during the age 7 psychological assessment. Each child was rated on 15 different behavioral items (27) . We conducted factor analyses of these items and identified ''conduct problems'' as a behavioral dimension that demonstrated internal consistency and stability across different samples and paralleled current measures of child behavior problems. Six items loaded highly on this dimension, including poor cooperation, high hostility, acting out, and impulsive behavior. Cronbach's alpha, a measure of internal consistency, was 0.75 for the scale.
Body mass index (weight (kg)/height (m) 2 ) at age 7 years (recorded at age 82-86 months) was analyzed as a continuous measure. Being overweight at age 7 years was defined as being at or above the 95th percentile of body mass index for males and females on the basis of Centers for Disease Control and Prevention growth charts (28, 29) . A suspected or definite diagnosis of asthma by age 7 years was determined through medical record reviews carried out by CPP study physicians.
Correlates of maternal smoking during pregnancy. We considered a wide range of potential correlates of maternal smoking during pregnancy for inclusion as control variables in adjusted models. Family socioeconomic status was measured with an index adapted from the Bureau of the Census that was derived by averaging the percentile scores of parents' education, occupation, and income (30) . Other demographic characteristics assessed upon CPP enrollment included maternal marital status (defined here as married vs. not married), maternal employment status (employed vs. not employed), presence of the husband or father of the baby in the household (yes vs. no), and household crowding (defined as severely crowded (!1.5 persons per room), crowded (>1 person per room), or not crowded (<1 person per room)).
Family history of mental illness was assessed by mother's self-report of her own or the baby's father's history of treatment for mental illness or addiction. The number of neurologic and psychiatric conditions present during pregnancy was recorded by study personnel as part of an obstetric diagnostic summary. Lastly, maternal age, number of prior pregnancies, and paternal age were investigated.
Analytic methods
Correlates of maternal smoking during pregnancy. We first fitted a model predicting maternal smoking during pregnancy. This was an ordinal logistic model fitted to the fourcategory maternal smoking variable, from which we derived proportional odds ratios to indicate the strength of the association between each covariate and the odds of a higher level of maternal smoking.
Effects of maternal smoking during pregnancy on child outcomes. We then fitted three sets of models to evaluate the relation between maternal smoking during pregnancy and child outcomes. The first model was fitted with the full CPP sample and included the indicator variables for maternal smoking during pregnancy (light, moderate, and heavy smoking, compared with a reference category of no smoking during pregnancy), as well as all statistically significant covariates (p < 0.05) from the proportional odds model predicting maternal smoking. The second model included the same covariates but was fitted among siblings. Finally, the third model was a matched, or ''fixed effects'' (31), analysis among siblings, which provided effect estimates that were free from bias due to potentially confounding factors to which both siblings were exposed.
Generalized estimating equations (GEE) were used to adjust variance estimates in the first two models for the nonindependence of multiple siblings per family (32) . Linear and logistic regression analyses were used for continuous and dichotomous dependent variables, respectively, implemented using the PROC GENMOD procedure in SAS, version 9.1.3 (33) . The matched analyses among siblings were conducted by conditioning on family-specific intercepts using PROC GLM for continuous outcomes and PROC LOGISTIC for dichotomous outcomes. Only covariates that differed between siblings could be included in the sibling fixed-effects models; in these models, we adjusted for birth order and sex.
Missing data
The sample size for the analysis of each outcome varied because of different patterns of participation in the followup assessments during the CPP and item-level missing data. In order to avoid fluctuation of sample sizes for models of the same outcome, we fitted the GEE models and the sibling fixed-effects model in subsamples with complete data for all covariates. In supplemental analyses, we used multiple imputation (34) to generate data sets with all siblings, for comparison with the complete-case analyses above.
RESULTS
Sample characteristics
There were 52,919 CPP livebirths resulting from singleton pregnancies with data on exposure to maternal smoking during pregnancy and with the infant's sex recorded in the CPP database. Of these offspring, 16,619 were part of 7,415 sibling sets. The demographic characteristics of mothers and offspring in each of these two groups were comparable (table 1). The distribution of maternal smoking during pregnancy across each of these samples is shown in the first rows of table 1. In the full sample, the prevalences of smoking !20, 10-19, 1-9, and 0 cigarettes per day were 22.3 percent, 12.1 percent, 17.8 percent, and 47.8 percent, respectively. This is substantially higher than current rates of smoking during pregnancy, which average approximately 10-15 percent in epidemiologic samples (13) .
There were 2,064 sibling sets (n ¼ 4,827 individuals) in which there was variability in exposure to maternal smoking during pregnancy. In other words, there were 2,064 sibling sets in which the mother smoked at different levels across her CPP pregnancies. Among these 2,064 CPP mothers, 328 were nonsmokers in their first CPP pregnancy but smokers in a subsequent pregnancy; 582 smoked in their first CPP pregnancy but did not smoke in a subsequent CPP pregnancy; and 1,154 smoked during each of their CPP pregnancies, but at different levels.
Correlates of maternal smoking during pregnancy
Results of the proportional odds model predicting maternal smoking during pregnancy are shown in table 2. Odds ratios indicate the magnitude of risk for a higher level of smoking. Demographic correlates of maternal smoking during pregnancy included family socioeconomic status, maternal and paternal age, maternal marital status, maternal employment status, household crowding, and number of prior pregnancies. Clinical correlates included maternal and paternal history of mental illness and the presence of psychiatric or neurologic problems during pregnancy. These results demonstrate the degree to which smoking during pregnancy occurs in the context of social, environmental, and psychiatric factors that are themselves predictive of the child outcomes analyzed, and they illustrate the challenge of isolating the causal effect of smoking from the effects of other factors with which it is associated.
Analysis of maternal smoking during pregnancy in the full CPP and sibling samples
The effects of maternal smoking during pregnancy on child outcomes are shown in table 3. For each outcome, results from three models are presented: 1) GEE models in the full sample, 2) GEE models fitted among siblings, and 3) conditional models fitted among siblings. For each model, the sample size and distribution of the dependent variable (mean or percent) are shown. Metric regression coefficients are shown for continuous outcomes, and odds ratios are shown for dichotomous outcomes. Each row presents the results from a single model, and each column y Collaborative Perinatal Project offspring with one or more siblings enrolled in the study.
z SD, standard deviation. § Maximum number of cigarettes smoked per day during pregnancy.
{ Numbers of participants with missing data: full sample, n ¼ 215; sibling sample, n ¼ 55.
# Numbers of participants with missing data: full sample, n ¼ 1,493; sibling sample, n ¼ 543.
** Not applicable. presents the effects of maternal smoking at increasing levels of smoking (with 0 cigarettes per day as the reference category). For example, in the full CPP sample, the mean reductions in birth weight across categories of maternal smoking during pregnancy were À69.03 g, À165.48 g, and À247.66 g, corresponding to the smoking of 1-9, 10-19, and !20 cigarettes per day during pregnancy, respectively. Among siblings, birth weight differences were À50.25 g, À153.55 g, and À255.43 g. These differences were substantially reduced in fixed-effects models (À2.04 g, À62.08 g, and À85.63 g). Several patterns are notable among the results presented in table 3. First, comparing the effect sizes estimated from GEE models based on the full sample and those estimated from GEE models based on the sample of siblings, there was no consistent pattern of differences, indicating that the CPP sibling sample was not systematically different from the overall CPP cohort. Second, adjusting for correlates of maternal smoking, there were statistically significant and adverse overall effects (e.g., p < 0.05 on joint significance tests with 3 df) for six of the 14 outcomes in GEE models fitted among siblings. Except for birth weight and overweight at age 7 years, effect sizes were generally small (e.g., less than one quarter of a standard deviation or odds ratios less than 1.5).
Third, in the conditional models, which match siblings on family background, the effect sizes for maternal smoking were further attenuated towards the null. To follow up on prior studies showing an interaction between smoking during pregnancy and parity in models predicting birth weight (35-37), we tested the interaction between smoking during pregnancy and the number of prior pregnancies (0 vs. !1). As in the prior studies, the effect of maternal smoking on birth weight was somewhat stronger after the first pregnancy.
Odds ratios for childhood overweight in the conditional model were 2.90 (95 percent confidence interval (CI): 1.30, 6.49), 2.47 (95 percent CI: 1.00, 6.10), and 2.55 (95 percent CI: 1.01, 6.44) across increasing categories of maternal smoking. The similarity in these odds ratios suggests a threshold effect of any smoking during pregnancy versus none on the risk of childhood overweight; when maternal smoking was defined as the dichotomy between any exposure and no exposure, the odds ratio for overweight was 2.73 (95 percent CI: 1.30, 5.71). Consistent with Chen et al.'s analysis in the CPP cohort (5), the effect of maternal smoking on childhood overweight was not eliminated after further adjustment for birth weight (odds ratio ¼ 2.53, 95 percent CI: 1.19, 5.39). Thus, it did not appear that the relation between smoking during pregnancy and childhood overweight was a consequence of its effect on birth weight.
Fourth, the magnitude of the effects of maternal smoking during pregnancy on other outcomes was generally trivial in the sibling models. Since these models adjusted for unmeasured confounders to which both siblings were exposed, our findings suggest that family-level factors accounted in large part for the associations between smoking during pregnancy and adverse child outcomes that were observed in the unconditional (i.e., GEE) models.
Results from conditional models among siblings using alternative definitions of maternal smoking during pregnancy y Odds ratios from logistic regression models are shown for neurologic soft signs, overweight, and asthma; linear regression coefficients (b) are shown for all other dependent variables.
z Full Collaborative Perinatal Project sample. Generalized estimating equations models included adjustment for the presence of multiple siblings per family. P values from chi-squared tests of the significance of maternal smoking during pregnancy are shown in the last column. The following covariates were included in the models: sex, race/ethnicity, maternal and paternal age, household crowding, paternal and maternal history of psychiatric or substance-use disorder, maternal psychiatric or neurologic problems during pregnancy, maternal marital status, maternal employment, number of prior pregnancies, and family socioeconomic status percentile. § Generalized estimating equations models for the sample of Collaborative Perinatal Project offspring with one or more siblings enrolled; results were adjusted for the same covariates as listed above. P values from chi-squared tests of the significance of maternal smoking during pregnancy are shown in the last column.
{ Models fitted among siblings conditioning on family fixed effects (family-specific intercepts). P values from F tests shown in the last column are from linear regression models; p values from chi-squared tests are from logistic regression models. # Weight (kg)/height (m) 2 .
** !95th percentile of body mass index for age and sex.
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are presented in Appendix table 1. The table shows the differences in child outcomes among siblings exposed to any maternal smoking versus none, as well as the differences associated with a one-cigarette increase in maternal smoking. In these analyses, maternal smoking during pregnancy was associated with lower mean birth weight and a higher risk of being overweight at age 7 years. Finally, we refitted the conditional models among all CPP siblings (n ¼ 16,619) by combining effect estimates from analyses of 10 complete data sets that were generated by multiple imputation (Appendix table 2) . Results for birth weight were similar to those shown in table 3, although the odds ratios for overweight across the three categories of maternal smoking were smaller (1.34, 1.82, and 1.74, respectively), as was the odds ratio for any maternal smoking versus none (odds ratio ¼ 1.46, 95 percent CI: 0.83, 2.58).
DISCUSSION
Previous studies have found adverse consequences of smoking during pregnancy across a wide range of domains, including low birth weight (38) and deficits in general intelligence (6, 10, 39), language and reading, quantitative skills (40), learning and memory (16) , and academic competence (41) . Smoking during pregnancy has also been related to higher levels of internalizing and externalizing symptoms, peer and social problems, hyperactivity, attention difficulties, aggression, and conduct problems (3, 14, (42) (43) (44) .
Substantial evidence contradicting these studies (7-11, 43) motivated us to conduct the present investigation of the effects of smoking during pregnancy on 14 childhood outcomes in the CPP birth cohort. Prior studies of smoking during pregnancy in the CPP did not use methods to adjust for unmeasured confounding (5, 40, (45) (46) (47) .
In the conditional models fitted among siblings, there was an adverse effect of smoking during pregnancy on birth weight which was robust across model specifications. There was also an association between exposure to smoking during pregnancy and childhood overweight, yet this was reduced in supplemental analyses of the full CPP sibling data set generated by multiple imputation. There was no association between smoking during pregnancy and mean body mass index at age 7 years. More work is needed to clarify the potential long-term effects of maternal smoking on patterns of childhood growth. Chen et al. (5) reviewed several potential mechanisms, which include effects of nicotine and carbon monoxide on fetal growth restriction and longer-term physiologic effects on childhood appetite and metabolism.
We did not observe effects of smoking during pregnancy on other outcomes measured in infancy (5-minute Apgar score), at age 4 years (Stanford-Binet IQ), or at age 7 years (neurologic soft signs, Wechsler IQ scores, WRAT scores, conduct problems, and asthma). Therefore, our results are consistent with those of prior studies (7) (8) (9) (10) (11) indicating that the commonly observed associations between smoking during pregnancy and offspring neurodevelopmental outcomes are attenuated after controlling for potentially confounding variables.
The conflicting evidence surrounding the effects of smoking during pregnancy on children's cognitive abilities and risk for neuropsychiatric and physical health problems underscores the illusiveness of causal inference in this area. Cigarette smoking is embedded within a broader constellation of social, environmental, and clinical factors that have important consequences for child development (13, 48) . Correlates of smoking during pregnancy in the full CPP cohort included socioeconomic status and familial psychopathology. Measurement error in assessments of childhood cognition and neuropsychiatric impairments also reduces the ability to detect an effect if present (49) . Despite the use of standardized tests of intelligence and other developmental outcomes in the CPP, the assessments of childhood health and well-being may still not have been sensitive enough to detect the type of subtle but potentially longlasting effects of exposure to maternal smoking during pregnancy that are indicated by animal studies. With respect to asthma, we speculate that CPP diagnoses reflect only severe cases and that many cases of asthma in the CPP were not detected (50) .
The sibling models used in our study had reduced power to detect effects of smoking during pregnancy because they relied on changes in smoking behavior across different pregnancies. Power to detect statistically significant differences in child outcomes across levels of exposure to maternal smoking during pregnancy was further reduced by the smaller sample size included in the sibling analyses and the adjustment for family-specific intercepts. Using this approach involves a tradeoff between bias reduction and imprecision (51) . Obtaining the least biased estimates of the effects of smoking during pregnancy was the primary objective of this study given prior conflicting evidence in the literature, and the CPP cohort provides one of the largest samples of siblings available for this purpose. Therefore, our primary interpretations were based on the degree of attenuation in effect estimates between the marginal (i.e., GEE) models and the conditional (i.e., fixed-effects) models, rather than on changes in significance levels. Nonetheless, one should interpret the results of this study bearing in mind the imprecision of the regression coefficients obtained from the conditional models.
Our analyses did not incorporate information on maternal smoking after pregnancy or other sources of exposure to tobacco smoke in childhood, which may have independent influences on children's health (52). Bauman et al. (53) reviewed the possible mechanisms by which exposure to environmental tobacco smoke may directly affect the cognitive abilities of children. They speculated that environmental smoke exposure may reduce brain oxygen levels by increasing carboxyhemoglobin concentrations, which in turn decreases the capacity of blood to carry oxygen.
In sum, the detrimental effects of smoking during pregnancy on birth weight and childhood overweight provide yet additional evidence of harm associated with cigarettes. The lack of any meaningful association between smoking during pregnancy and the other child outcomes studied suggests that such effects either are not present, are not readily distinguishable from a broader range of familial factors associated with maternal smoking, or are not detectable using the assessment methods available at the time of the CPP investigation. 
